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Further preliminary observations are reported of an experi- 
ment to examine the spread of infectivity and the occurrence 
of pathological changes in cattle exposed orally to infection 
with bovine spongiform eocephalopathy. Calves were dosed at 
four months of age and clinically monitored groups were 
killed sequentially from two to 40 months after inoculation. 
Tissues were collected for bioassay, for bistopathological 
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examinations and for the detectloo of RP. Previous reported 
observations have included the presence of infectivity in the 
distal ileum of cattle killed after six to 18 months, the earliest 
onset of clinical signs in an exposed animal after 35 m0nt.h~ 
and diagnostic histopathological changes in the bralo, in asso- 
ciation with clinical disease, after 36, 38 and 4U months. In 

< spite of the relative inefftciency of the bioassay of scrapie-like 
agents across a species barrier the new observations confirm 
that the onset of clinical signs and pathological changes in the 
central nervous system (CNS) occur at approximately the same 
time. The earliest pathological change, the presence of abnor- 
mal PIP 32 months after inoculation, coincided with the earli- 
est detected infectivity in the CNS and occurted shortly before 
there was evidence of typical sponglform changes in the brain 
36 months after inoculation. Infectivity has now been demon- 
strated in the peripheral nervous system, in the cervical and 
thoracic dorsal root ganglia 32 to 40 months after inoculation 

i and in the trigeminal ganglion 36 and 38 months after inocula- 
tion. At the time of writing evidence of infectivity in other tis- 
sues is confined to the distal ileum, not only after six to 18 
months but also after 38 and 40 months, but these fmdings 
may be supplemented by the results of further mwse assays. 
Nevertheless, they are in general agreement with current 
knowledge of the pathogeoesis of scrapie. 

. . 
PRRLIMINARY findings from a long-term and unfinished exper- 
iment to determine the spatial and temporal development of infec- 
tivity and pathological changes in cattle exposed to a single large 
orat dose of bovine spot&form enccphatopqhy (BSE)-affected 
brain homogenate have been described previously (Wells and oth- 
ers 1994a. 1996). The first major finding was the presence of 
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infectivity in the distal ileum (the inoculum comprising the wall of 
the intestine including Peyer’s patches) of cattle killed six and IO 
months after inoculation but not in those killed after two months 
(Wells and others 1994a). Subsequent bioassay results provided 
evidence of infectivity in the distal ileum of cattle killed 14 and 18 
months after inoculation, and of a reduction in incubation period 
m the mice inoculated after each successive kill. at least up to 14 
months after inoculation, suggesting that the agent replicated at 
this site (Wells and others 19%). At the time of reporting (January 
1995). only the assays of t issues from cattle killed two and six 
months after inoculation were complete, and at two months there 
was no evidence or infectivity in any of the tissues, and at six 
months there was no evidence of infectivity in any tissue other 
than the distnl ileum. All the other bioassays were incomplete. 

Unequivocal clinical stgns of BSE were tirst observed in one of 
the challenged cattle 35 months after inoculation. and by 37 
months unequivocal, or early clinicaJ signs were present in the 
remaining cattle (Wells and others 19%). Some results of the 
histopathological examination of the brains of the challenged 
cattle for BSE status have been given in the report of a study to 
examine correlates of protein markers in the cerebrospinal fluid of 
BSE-affected cattle (Jones and others 1996). 

This paper provides further details of the occurrence of patho- 
logical changes in the cattle and reports additional prelimmary 
results of the mouse bioassays on cattle tissues. 

Materials and methods 

The design of the study has been described by Wells and others 
(1996). Briefly, 40 FriesianMolstein calves, born in 1991. were 
assembled from farms with no history of BSE. At four months of 
age, 30 were each dosed orally with 100 g of pooled brain stems 
from 75 cases of BSE. Ten calves received no treatment and served 
as controls. 

The cattle were monitored clinically during daily husbandry 
routines, by weekly veterinary inspections, by the recording of 
responses during blood sampling and other procedures, by 
behavioural observations over 24 hour periods, by recording their 
performance in an improvised open field test (Austin and others 
1997) and, finally, by detailed clinical neurological examinations 
made within seven days of their being killed. The onset of clinical 
disease was defined as the time when convincing signs consistent 
with BSE first became regularly observable. The variability of the 
initial clinical signs between individual cattle prevented any single 
clinical sign being used as the indicator of the onset of the disease. 

Startmg at six months of age, two months after inoculation, and 
then at four month intervals until 22 months after jnoculation, 
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three of the challenged calves and one control calf were killed. 
Thereafter challenged and control cattle were kiIled at discre- 
tionary intervals until 40 months after inoculation (Table 1). 

Samples of brain and spinal cord (Table 2) were taken for 
examination for BSE tibrils, equivalent to scrapie-associated fib& 
(SW). All tissues taken for assays of BSE infectivity in mice were 
bampled aseptically. A wide range of tissues was collected for 
lustopathological examinations, although only the results of the 
examinations of brain and spinal cord are presented here. Selected 
blocks (Table 2) were examined for immunohistochcmical evi- 
dence of the presence of disease-specific pry. 

After completion of each sequential kill inocula were pnzpared 
from 44 tissues, representing principally the lymphoreticular sys- 
lem (LRs), the peripberdl nervous system (PNS) and the central ncr- 
vous system (CNS). the alime.ntary tract, striated muscles and 
major viscera (see Tab19 3.1, Wells and others 1996). They were 
prepared as 10 per cent suspensions in saline, with antibiotics 
being included for certain tissues. Single tissue inoculum pools 
were made from the groups of exposed cattle killed at each time 
point, and inocula were prepared similarly from single tissues of 
each control animal. Test and control inocula were injected intrac- 
erebrally (20 ~1) and intraperitnneally (100 ~1) into inbred mice 
for a standard qualitative assay of infectivity. The inocula pre- 
pared from cattle killed up to 18 months after inoculation were 
injected into FUII nuce, but C57BLJ6 mice were used thereafter. The 
strain of mouse was changed because an intercurrent disease prob 
lem in the breeding colony reduced the longevity of the RILE mice 
to such an extent that many were unlikely to have lived to the end- 
point of the bioassay, as determined from dose-response data for 
the BSE agent in these mice (I% H. Fraser, personal communica- 
tion). CS7Bl mice were chosen as the alternative strain because the 
titre of BSE infectivity in affected bovine brain was the same when 
measured in RI11 and ~'57~1 mice (Fraser and others 1992). 

1 g aliquots of the frontal cerebra1 cortex and spinal cord at cewi- 
ca! (Ci-C2), thoracic m-TIO) and lumbar (LZL3) regions from 
each animal were homogenised in 10 per cent N-lauroylsarcosine 
dctcrgent and, after differential centrifugation, digested with pro- 
teinase K enzyme at a concentration of 10 &ml. For electron 
microscopy. formvar and carbon-coated grids were subjected to a 
plasma glow discharge to impart a hydrophilic charge before they 
were used. The tissue extracts were dried on to these sample grids 
and negatively stained with 2 per cent phosphotungstate. The 
grids were then examined for the presence of BSE fibrils in a 
Philips CM10 electron microscope with an accelerating voItage of 
80 kV and at magnifications greater than x 25,000. At least 20 
grid squares were examined for a minimum of 20 minutes before 
a sample was considered negative for the presence of BSE fibrils 
(Scott and others 1990). The morphological criteria for the identi- 
fication of BSE fibrils were those defined for SAF (Men and others 
1981). 

ReSllltS 

The schedule of sampling of the cattle in this study has been 
completed (Table I), but some of the bioassays for tissue infectiv- 
ity are incomplete. The clinical status and the CNS pathology and 
infectivity data of the cattle killed 32 tn 40 months after inocula- 
tion are given in Table 2. 

From each of tbe cattle killed brain and spinal cord were col- 
lected into 10 per cent formal isaline for histopathological exami- 
nation. After two weeks primary fixation the brains were cut into 
I2 coronal blocks, representing seven levels of the brain as in pre- 
vious studies (McGill and Wells 1993, Simmons 1994). and fixed 
for a further week in fresh fixative. The blocks were then prm 
cessed over a three day schedule, embedded in paraffin wax, and 
5 pm sections were cut and stained with haematoxylin and eosin. 

Profound changes in emotionality. constant sensory abnormali- 
ties and motor disorders (in the form of adventitious muscle activ- 
ity or ataxia) were the main clinical signs observed, usually in 
combinations which varied between individual animals. Episodic, 
inconsistent sensory signs of low intensity were not regarded as 
indicating the unequivocal onset of clinical disease and neither 
were subtle changes in temperament, although all these changes 
were recorded as part of the insidious prodromal progression of 
the disease. 5 

As reported by Wells and others (1996). no significant vacuolar 

After three weeks in fnrmol sahnc, the spinal cords were cut to 
provide both transverse and frontally oriented blocks at C6, T6 
and L5-6. Tbe blocks were then processed, and stained sections 
were prepared as for the brains. 

The PIP immunohistochemistry (IHC) techniques used were 
modifications of those described by Haritani and others (1994) 
and Bell and others (1997). Form&in-fixed, paraffin-embedded, 
4 pm sections of medulla at the obex, and C6, T6 and LS-6 spinal 
cord, were immunostained witlh rabbit polyclonal antiserum 971, 
and normal rabbit control serulm. Serum 971 was prepared at the 
Central Veterinary Laboratory :to a synthetic pcptide equivalent to 
bovine RP residues 230-244. The peptide was conjugated to two 
carriers: multiple antigen presenting and mycobactcrial purified 
protein derivative. The whole :sernm and IgG frnctious recognise 
RP in Western blots of fibril preparations and in formalin-fixed, 
paraffin-embedded, immunostained sections prepared from CNS 
tissues of Bsa-affected cattle (P. M. Edwards, Y. I. Spencer, 
unpublished observations). 

changes were observed in the brain and spinal cord of cattle killed 
from two to 26 months after inoculation. However. vacuolar 
changes confined to the vestibular nuclear complex of the medulla 
oblongata were observed in one of the two cattle killed 32 months 
after inoculation, although neither showed clinical signs, and a 
mild spongiform encephalopathy, typical of BSE. was present in 
one of the three cattle killed 36 months after inoculation, and it 
showed equivocal early clinical signs (Table 2). All the confirmed 
histopathological diagnoses were based on a pattern of distribu- 
tion of lesions typical of natural cases of BSE. Table 2 also shows 
the IHC and BSE fibril results from 32 months after inoculation, the 
time after which abnormal RP was detected in the CNS. This 
change preceded the pathognomonic bistopdthological changes in 
the brain, and the onset of clinical signs, and was most consistent- 
ly detected in the lumbar spinal cord. The yield of fibrils was 
low in most of the extracts, with the exception of those from the 

TABLE 1: Numbers ol chslbngsd and control m&nab ktttad a! intervats 
sitsr orsl inoculatton with bouina spongl?orm anwphatopethy 

Epitopes were demasked by immersing the sections in 96 per 
cent formic acid for 20 minutes, followed by a wash in tap water 
a$ hydrated autoclaving at 122’C for 30 minutes. Immuno- 
localisation was amplified by a peroxidaseanti-peroxidase tech- 
nique, and was visual&d with citrate-buffered diaminobenzidine. 
Sections were counterstained with Mayer’s haematoxylin. 

Time aftar 
inoculation 
(months) 

Number 
of ehauenged 
animals kitled 

Number 
decnlrol 

anlmab killed 

All the sections were examined by light microscopy. The pres- 
ence of abnormal RP was confirmed when the configurations and 
distribution of unmunostaining were consistent with those previous- 
ly described in BSE (Wells and others 1994b, Wells and Wilesmith 
1995). Where there was insufficient immunostaining to indicate a 
defined morphological pattern. the result was declared inconclusive. 

The biochemical extraction of BSE fibrils has been described by 
Scott and others (1992) and Stack and others (1993). Essentially, 

2 6 3 1 
6 10 3 1 
IO 14 3 1 
14 18 3 1 
14.5 18.5 1 0 
18 22 1 
22 26 x 1 
26 30 1 0 
20 0 1 
32 z 2 0 
35 1 r. 
30 z x 0 30 42 3 1 
40 44 2 1 

‘Killed as $ casuatty and not included VI ttaaw ino&Jm p&s 

. . 
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TABLE 2: Summary ot ttm cltntwl status and Um pathotqkat changer and preeence of Mec6vtty In CNS of cattte kflted 32 to 40 monthe efter tnecutatbn 
with bovine spongiform emcephelopathy 

a 
lmmunohMochem~cat PrP Ftbtil detecfton Infecltvity 

ClInical spongiform maul Sprnal cord Brarn Sptnal wrd Brain Spinal cord 
\. Ammal  Monrns status encephalopsthy medulla C6 T6 L5.6 cortex Cl-2 T9-10 L2-3 cortex medulla C2-3 TlQ-11 L3-4 

264 

232 I 32 .:,,,-w ; I : : I I T :[- + + + + 
(vestibular nucteff 

299 + + + + + ++ 
194 

I 
36 

r- 
+/t - + ;- - ;- + 

- [- 
+ + + + 

231 + + + + - --- 

261 L- +T- + + + + + + +++' 
192 36 + + + + + - l ++ 

3a- - - - - - --- 
i+ + + + + 

Q 277 

296 

‘Infectivity aeaaye are incompk?la. negatrve resutta are therefore only rntenm fmdtn~s (see text and Table 2). lnlecttvity results are oerh& from a pool of fksue 
from the animals in each Qroup 
+ Confirmed finding. +/- Probable, but equtvocat finding. - Negative finding, C  Cervical, T Thoractc. L Lumbar 

lumbar spinal cord. No fir-immunostaining or fibrils were found 
in any of the control samples. 

The bioassays in RXI mice of the tissues collected from cattle 
killed up to I8 months after inoculation are complete. As reported 
by Wells and others (1996). the only tissue in which infectivity 
has been detected is the distal i leum of cattle killed six. 10, 14 and 
18 months after inoculation. The bioassays in C57Bi-16 mice of tis- 
sues collected from cattle killed up to 22 months after inoculation 
arc also complete (950 days after inoculation). No evidence of 
infectivity was found in any of the tissues, including the distal 
ileum. The bioassays in C57Bl-J6 mice of tissues from cattle killed 
more than 22 months after inoculation arc incomplete. Interim 

7 data on the occurrence of Infectivity in the CNS of cattle killed 32 

a 

to 40 months after inoculation arc given in Table 2 for comparison 
with the pathological observations. The current status of the assay 
results for all the tissues found to contain infectivity from cattle 
killed 32 to 40 months after inoculation is given in Table 3. 

c Discussion 

With experimental models of scrapie. in rodents inoculated by 
non-neural routes, including gavage and oral dosing, the infec- 
t iOUS agent replicates in the LRS before it can be demonstrated in 
the CNS (Kimberlin and Walker 1988, 1989, Scott 1993, Beekes 
and others 1996, Baldauf and others 1997). A very similar pattern, 
with the LRS becoming infected before the CNS, has been recorded 
in natural scrapie of sheep (Hadlow and others 1982). and in 
experimental studies the evidence indicates that the agent spreads 

i to the CNS by neural pathways, involving the peripheral nerve 
innervation of the LRS (Kimberlin 1986, Scott 1993, Beckes and 
others 1996, Baldauf and others 1997). 

The findings in the present study are broadly consistent with 
our understanding of the pathogenesis of scrapie from these earli- 
er studies. Infectivity has been demonstrated in the CNS and the 
PNS (trigeminal ganglion and dorsal root ganglia) (Table 3) before 

the onset of clinical signs but, unlike the experimental models of 
scrapie, no infectivity has been demonstrated in lymphoreticular 
organs, apart from the presumed involvement of Peyer’s patches 
which are concentrated in the distal ileum. One reason for this 
result may be limitations in sensitivity of the assay. 

The calculated limit of detectability of infectivity in mice is 
approximately lOt,4 intracerebral t.mnlg for 20 ul (intracerebral) 
and 100 ul (intraperitoneal) doses of a 10 per cent tissue 
homogenate (Kimberlin 1996). In practice, the sensitivity of 
detection of infectivity by bioassay is influenced by the extent of 
the species barrier, and further experiments are in progress to 
measure the effect of the Cattk/RlII mouse species barrier in rela- 
tion to BSE by a comparative titration of a BSE inoculum by the 
intracerebral route in mice and cattle. The titration in cattle is 
incomplete but the results suggest that the assay of BSE infectivity 
in cattle is at least loo0 times more sensitive than the assay in Rlll 
mice (G. A. H. Wells, S. A. C. Hawkins, unpublished observa- 
tions). Additional infectivity assays of selected tissues from the 
present study, by intracerebral inoculation into cattle, are thus in 
progress. 

In the present study it is therefore not surprising the infectivity 
has not been detected in the CNS of cattle before the recognition of 
pathological changes (Table 2). but infectivity may yet be detcct- 
ed at an carlier stage. The detection of infectivity in the distal 
i leum of cattle during the clinical phase of the disease (38 and 40 
months after inoculation) contrasts with the lack of detectable 
infectivity in this tissue in confirmed natural cases of BSE (Fraser 
and Foster 1994). However, Wells and others (1996) have sug- 
gested that the failure to detect infectivity in the distal i leum in 
natural cases of BSE could bc due to the low doses of the agent 
which are considered to have sustained the major proportion of 
the BSE epidemic (Kimberlin and Wilesmith 1994) in comparison 
with the large dose administered to the calves in this study. The 
minimum incubation period of BSE observed in this study lies in 
the lower part of the distribution range of values of incubation 
periods estimated from age-specific incidence in the epidemic of 

TABLE 3: Summary of btoeaeay reeutte for conffrmed Mecltvfty In tteeuee cottected from ceftk 8lauQhtered 32 to 40 mMbe efter inocufa6on wttb 
bcwina apmgifonn encephabpathy 

Tissue 
Number of posittve mice/number of mice survwfng when tha first mouee was confirmed positfve 

32 months 36 months 36 months 40 m0nms 
Fnmtat mrtex 
Caudal medulla 7/l 6 B/19 
sphel cord C2-3 420 6l14 
Sptnal cord Tl 611 YlQ lll16 
Spfnal cord L3-4 6/19 lo/19 
Dorsal root ganglta C3-6 1110 316 
Dorsal root ~an~tta T5-6 l/Q 7114 
Trgeminal ganglia 2/16 
D&al &urn 

- InkXUvttY not detected. assay mncomptete. C  Cervical. T Thorax& L Lumbar 

l/l6 
1 l/19 
6416 
1113 7119 

lw20 4/l? 

Ill6 
206 
1112 2/19 
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ES:. (Wilesmith and Ryan 1992); over the course of the epidemic 
only 1.22 per cent of affected catltle have heen less than 41 months 
old at the onset of the disease (J. W. Wilesmith. personal commu- 
nication). Furthermore, samples of distal ileum from only three 
natural cases of BSE have been examined. The variations between 
cases and the relatively low titre of infectivity in this tissue at the 
stage of clinical disease may well therefore account for these pre- 
VIOUS results. 

HARlTANl. M.. SPENCER, Y. 1. &  WELLS. G A. H. (1994) AM 
NeuIwfMfwloglcalt7,86 

JONES, V.. MARTIN. T. C.. KEYES, P. & DAWSON. M. (1996) Ve#eriM?y 
Record 139,360 

The failure to detect infectivity in the distal ileum of cattle 
kllled 22 months after inoculation in CSQI-J~ mice conflicts with 
previous data from assays of this tissue from cattle killed earlier in 
the study, when there was a pro,gressive reduction of the incuba- 
tion period in RI11 micw, at least in caltIe killed up to 14 months 
after inoculation. The interpretation of this finding is at present 
confounded by the change in the strain of mouse from RlJI to C57Bl 
for all the assays of tissues from animals killed more than 18 
months after inoculation. The C5791-J6 mice appear, unexpectedly, 
to be less susceptible to BSE, despite the comparability of data 
from the titration of brain material of high litre in RlJ1 and C57Bl 
mice (Fraser and others 1992). 

KIMBERLW, R. H (1986) Nwropatholqy andApplied Newobiology 12.131 
KlMBERLlN. R. H. (1996) 3rd Intcmationill Symposium on Tmnsmiuiblc Subruk 

Slmngiform l+ncc~balopabics: P&XI Diseases. March 18-20.1996. pmis. Ed% L. 
Cki B. D&CL kmr&nm. Elsevier. p 487 

KIMBERLIN. R. H. dt WALKER, C. A. (1988) Novel Infecfiow 4encS ad Ihe 
Central Nervous Syslem (CtEaA Foundation Symposium 135). Fxls 0. Bock, J. 
Marsh Cbicbester. Wiley. p 37 

KIMBERLIN. R. H. &WALKER. C A (1989) Vine Rezarch U. 213 
KIMBERLIN. R. H & WILESMITH. J W. ( 1994) Annals sfrhe New Yoti Acarfemy 

ofti icncrs 724.210 
MCGILL, 1. S. & WELLS, G. A. H. (1993) Journal OfComparmiw Pahology 108. 

241 
MERZ P. A., SOMERVILLE. R. A., WISNIEWSKI, H. M. & IQBAL. K (1981) 

Acfa Neuropurhrdogrca 54.63 

It also appears that in BSE overt clinical signs and diagnostically 
significant pathological changes in the brain may develop after a 
similar period (Table 2). Although prp was demonstrable in the 
spinal cord of both the cattle killed 32 months after inoculation, 
which did not show clinical signs, it was demonstrated in the 
medulla oblongata of only one of them and no vacuolar changes 
were demonstrable in the sites in the medulla examined routinely 
in the statutory diagnosis of BSIE (Bradley and Matthews 1992). 
By 36 months after inoculation, when early clinical signs were 
emerging in two of the three cattle killed, only one had spongi- 
form encephalopathy with a typical distribution pattern in the 
medulla. However, given the smlall number of animals per group 
the result cannot be interprebzd as reflecting the invariable 
sequence of changes in natuml cases of BSE. It has been previous- 
ly commented that this result is quite different from observations 
in rodent models of scrapie, in which the development of vacuolar 
changes relative to incubation period has been studied after infec- 
tion with rodent-adapted agents and is usually evident substantial- 
ly before the onset of clinical disease (Wells and others 1996). 

SCOTI’, A C, WELLS, 0. A. H., CHAPLIN, M. J & DAWSON. M. (1992) 
Research in Vete&ry Scwur 52,332 

SCOIT. A. C.. WELLS. G. A. H.. STACK. M. J., WHITE. H. a DAWSON, M. 
( 1990) Vcrerinary Microbiology 23.295 

SCO’l7’, 1. R. (1993) Brih.sh Medical BuUerin 49.778 
SIMMONS, M. M. (1594) loumu/ of Conrp~rotive PWholo~ 110,389 
STACK, M. 1. SCO’IT. A. C.. DONE S. H. & DAWSON. M. (1993) Resuvuh in 

Verennary Licncr 55,173 
WELLS, G A. H., DAWSON. M., HAWKINS, S. A. C., AUSTIN, A. R.. GREW. 

R B.. DfXT@.R, 1.. HORIGAN, M. & SIMMONS. M. M. (1996) Bovine 
Spongiform Encepbalopathy: The BSF: Dilemma. Ed C.J. Cnbbs Jnr. New York. 
spIl,,&X-V&,& ~28 
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M. E.. SIMMONS, M M., AUSTIN, A. R. & HORIGAN, M. W. (19941) 
Veminury Record 135.40 

WELLS. G. A. H, SPENCER. Y. 1. &  HARITANI, M (1994b) Annals ofrhe New 
York Academy of Scrences ‘KU, 350 

WELLS. G. A. H. & WILESMITH. J. W. (1995) Brain Podwh~gy 5.91 
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Abstracts 
Effects of otitis on the hearing of dogs 

Addendum 

Since finalising the time point m the mouse bioassay results for 
inclusion in this paper, further results have become available indi- 
cating infectivity in bone marrow from cattle killed 38 months 
after inoculation. A short communication providing details of this 
additional finding is in preparation. 
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THE hearing of normal dogs and dogs with otitis was assessed by 
testing the responses of their brainstems to auditory stimuli. Data 
were obtained from 86 normal ears and 105 ears with otitis rang- 
ing in severity from mild to severe. Although the dogs with more 
severe otitis had more severe hearing loss, only two dogs were 
completely deaf in the affected ear, and cleaning the ear canal 
improved the hearing of several of them, indicating the serious 
effect that a physical obstruction can have. The process of clean- 
ing and inspection did not impair the hearing of any of the dogs. It 
is concluded that most dogs with olitis are not totally deaf, and 
that the problem is largely restricted to the middle and external 
cavities of the ear. 

EGER, C. E. & LINDSAY, P. (1997) Journal of Small Animal Practice 38, 
380 
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feeding, but it responded gradually to treatment with fipronil 
applied topically with a wet swab, combined with the replacement 
of the bedding, better ventilation, and the placement of aI1 new 
bedding and food in a freezer for 24 hours to kill any mites pre- 
sent. 
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